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1  | INTRODUC TION














regional	 flora,	 geographical	 variation	 in	 climate	may	be	associated	
with	changes	in	a	variety	of	collective	properties	related	to	the	local	
flora	 as	 a	whole.	 Just	 as	 the	 flowering	 times	 of	 individual	 species	
vary	 spatially	 in	 response	 to	 local	 climate	 conditions	 (Borchert,	
Robertson,	Schwartz,	&	Williams‐Linera,	2005;	Lavoie	&	Lachance,	
2006;	 Menzel,	 Estrella,	 &	 Fabian,	 2001),	 so	 too	 the	 phenological	
properties	of	 plant	 communities	may	 shift	 over	 space	 in	 response	
to	 differences	 in	 local	 climate	 (CaraDonna,	 Iler,	 &	 Inouye,	 2014;	
Diez	et	al.,	2012).	For	example,	changes	in	the	percentage	of	co‐oc-
curring	species	 that	have	begun	to	 flower	as	 the	flowering	season	
progresses	may	differ	among	floras	that	occupy	climatically	distinct	



















times	 of	 many	 species	 are	 highly	 synchronous	 (i.e.,	 when	 a	 large	
number	of	 species	begin	 flowering	 in	 rapid	 succession,	potentially	
resulting	 in	a	period	of	 relatively	high	 floral	diversity).	Conversely,	
there	may	be	periods	during	which	the	synchrony	of	flowering	is	low	
(i.e.,	more	time	elapses	between	the	flowering	times	of	successively	














Whalen,	1978).	 In	other	cases,	however,	 reductions	 in	 the	number	
of	 co‐flowering	 species	may	disrupt	mutualistic	 flowering	 displays	
among	taxa,	thereby	reducing	the	frequency	of	pollinator	visits	per	










It	 is	 important	 to	note,	however,	 that	 two	distinct	mechanisms	
may	generate	variation	among	plant	communities	in	the	rate	at	which	
sequentially	 flowering	 species	 initiate	 flowering.	 First,	 variation	
among	communities	in	the	seasonal	distribution	of	flowering	times	















It	 is	 likely	 that	 both	 these	 mechanisms	 (species‐specific	 re-
sponses	 to	 local	 climatic	 conditions	 versus	 geographical	 variation	
in	community	composition)	also	play	a	role	in	determining	the	sea-
sonal	distribution	of	flowering	within	floras	distributed	along	similar	




variation,	 then	 spatial	 variation	 in	 current	 climatic	 conditions	 that	
















a	powerful	 resource	with	which	 to	examine	 the	phenology	of	a	 large	












estimates	of	 first	or	 last	 flower	 (Robbirt,	Davy,	Hutchings,	&	Roberts,	
2011).	 Furthermore,	 estimates	of	mean	 flowering	 time	 that	were	de-
rived	 from	herbarium‐based	 phenological	 data	 in	Boston	were	 found	




Here,	 we	 examined	 59,096	 electronically	 available	 herbarium	


































angiosperm	 taxa	 collected	 from	1901	 to	2013.	All	 specimens	 that	








the	phenological	 status	of	 a	 specimen	might	have	differed	 among	
taxa	and	herbaria,	the	phenological	assessment	of	all	specimens	was	
consistently	intended	to	identify	those	that	were	collected	while	at	
least	one	 flower	was	open.	These	 records	 represent	 second‐order	




Given	 that	 taxonomic	 nomenclature	 was	 not	 always	 consistent	
among	specimens,	species	names	were	standardized	and	synonymies	
resolved	using	taxonomic	records	from	The	Plant	List,	the	International	
Legume	 Database	 and	 Information	 Service,	 the	 Global	 Compositae	







2.2 | Defining local climate regions
In	this	study,	our	objective	was	to	evaluate	the	pace	of	the	flower-
ing	season	throughout	the	continental	USA	at	geographical	scales	
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broad	enough	to	 include	a	sufficiently	 large	number	of	herbarium	
records	and	angiosperm	taxa	for	rigorous	analysis,	but	fine	enough	
to	 discriminate	 among	 climatically	 distinct	 regions	 and	 floras.	 To	
accomplish	 this,	we	 divided	 the	 continental	 USA	 into	 a	 series	 of	
LCRs,	 each	 of	which	 represents	 a	 climatically	 homogeneous	 area	
(Park,	2016).	These	LCRs	were	identified	by	overlaying	grid‐based	
estimates	of	MAT	and	mean	annual	precipitation	(MAP)	that	were	
derived	 from	 4	km	 long‐term	 climate	 means	 produced	 using	 the	
Parameter‐elevation	 Regression	 on	 Independent	 Slopes	 Model	
(PRISM)	for	the	years	1901–2013	(PRISM	Climate	Group,	Oregon	
State	University;	http://prism.oregonstate.edu;	created	4	February	
2004)	 such	 that	 each	 LCR	 spanned	 a	 contiguous	 region	 within	
which	 MAT	 across	 all	 grid	 cells	 fell	 within	 0.5°C	 of	 the	 median	
value	(e.g.	from	0	to	1°C),	within	which	mean	annual	precipitation	
fell	within	1	cm	of	 the	median	value	 (e.g.	 from	20	 to	22	cm),	 and	
which	spanned	≤	1°	in	latitude	or	longitude.	This	led	to	polygons	of	
various	sizes,	because	climatically	heterogeneous	landscapes	were	


















diversity.	To	address	 concerns	 that	differences	 in	 sampling	 intensity	




MAT.	Taxonomic	 diversity	 and	MAT	were	 independent	 among	 LCRs	
(r	=	0.03,	p	>	0.245,	n	=	51),	and	the	mean	number	of	specimens	per	







23°C	MAT	and	 included	data	 from	2,803	distinct	 taxa,	 represent-
ing	59,096	herbarium	specimens	(Supporting	Information	Table	S1).	
The	 distribution	 of	MATs	 among	 the	 selected	 LCRs	 did	 not	 differ	
significantly	 from	normal	 (Shapiro–Wilk	 test:	W	=	0.956,	p	=	0.059,	
d.f.	=	51).	 Although	 the	 higher	 density	 of	 phenologically	 assessed	
herbarium	specimens	in	the	western	USA	led	to	the	majority	of	LCRs	





the	 National	 Land	 Cover	 Database	 2011	 (Supporting	 Information	
Table	S1;	Homer	et	al.,	2015).














a	percentile	 rank,	with	 the	earliest‐flowering	 taxa	assigned	the	 lowest	
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MFDs	within	 (a)	 the	 5th–19.9th	 percentile	 (i.e.,	 the	 earliest‐flowering	
taxa);	(b)	the	20th–34.9th	percentile;	(c)	the	35th–49.9th	percentile;	(d)	
the	50th–64.9th	percentile;	 (e)	the	65th–79.9th	percentile;	and	(f)	the	







These	 six	 classes,	 although	 somewhat	 arbitrary,	 represent	 a	
trade‐off	 between	 identifying	 enough	 classes	 to	 capture	 seasonal	
differences	 in	the	rate	of	sequential	 flowering	and	 including	a	suf-
ficient	number	of	 taxa	within	each	class	to	represent	 its	 flowering	
behaviour.	In	order	to	ensure	that	the	results	of	this	study	were	not	
unduly	influenced	by	the	division	of	each	local	flora	into	six	percen-
tile	 classes	 (instead	 of	 some	 other	 number),	 all	 analyses	 were	 re-























to	 flower	provides	an	estimate	of	 the	 rate	of	 successive	 flowering	
among	 taxa	 in	 each	 LCR	 throughout	 its	 flowering	 season;	 lower	















95th	percentile	of	 flowering	 taxa	within	 the	LCR),	 and	multiplying	
























required	for	all	 taxa	 in	 that	class	 to	reach	their	MFD	as	a	 function	of	












and	 therefore	 higher	 synchrony	 in	MFD	 among	 taxa.	 To	 ensure	 that	
the	direction	and	strength	of	these	relationships	were	not	qualitatively	
affected	by	the	decision	to	divide	the	flowering	season	into	six	percen-




2.7 | Isolating the influence of intraspecific 
phenological differences on temperature‐mediated 
MFD accumulation
We	 examined	 whether	 intraspecific	 changes	 in	 MFD	 along	 a	 tem-







(∆Dissimilarity;	 Equation	 2)	 between	 each	 pair	 of	 LCRs	 in	 which	
both	 taxa	 occurred	was	 then	 calculated,	 as	was	 the	 difference	 in	
MAT	 (∆MAT	=	MATwarmer	 LCR	−	MATcooler	 LCR)	 between	 each	 pair	 of	
locations.
This	∆Dissimilarity	value	was	calculated	for	all	pairs	of	taxa	that	
co‐occurred	 in	 multiple	 LCRs	 (Figure	 3c).	 Given	 that	 this	 analysis	
(1)
| (MFDTaxon A−MFDTaxon B
) |/Duration of flowering season=Dissimilarity
(2)Dissimilaritywarmer LCR− Dissimilaritycooler LCR= ΔDissimilarity















the	MFDs	 of	 a	 given	 pair	 of	 taxa	 became	 less	 synchronized	 (i.e.,	
more	dissimilar)	in	the	warmer	of	the	two	LCRs	in	which	it	occurred,	








2.8 | Isolating the effect of species composition on 
temperature‐mediated MFD accumulation
To	examine	the	contribution	of	species	composition	to	variation	in	















variation	 from	 this	 constrained	 dataset,	 any	 significant	 relationship	
between	the	percentage	of	the	flowering	season	required	for	all	taxa	































Figure	 4f);	 warmer	 temperatures	 were	 associated	 with	 reduced	 syn-
chrony	among	the	MFDs	of	the	taxa	constituting	this	class.	No	significant	
relationships	were	detected	between	 the	percentage	of	 the	 flowering	
season	required	for	all	taxa	in	a	given	percentile	class	to	reach	flower-
ing	and	MAT	for	the	first,	fourth	or	fifth	percentile	classes	(p	>	0.17	in	
all	 cases;	 Figure	 4a,d,e).	Analogous	 relationships	were	 detected	when	
similar	analyses	were	conducted	after	dividing	the	flowering	season	into	
both	smaller	(Supporting	Information	Figure	S2)	and	larger	(Supporting	
Information	 Figure	 S3)	 numbers	 of	 percentile	 classes.	Across	 all	 tem-
perature	regimes,	the	rate	of	MFD	accumulation	was	found	to	increase	
sharply	during	the	second	percentile	class	(Figure	5).
3.2 | The influence of intraspecific variation on the 
synchrony of MFDs between co‐occurring taxa
Significant	 relationships	were	detected	between	the	pairwise	differ-
ence	 in	MFDs	among	co‐occurring	 taxa	 (∆Dissimilarity)	and	 the	dif-
ference	in	MAT	between	the	LCRs	in	which	they	occur	(∆MAT).	In	the	





class,	 this	 relationship	was	negative	 (R2	=	0.18,	p	=	0.05;	Figure	6b);	
warmer	temperatures	were	associated	with	intraspecific	shifts	in	phe-
nology	 that	 increased	 synchrony	 among	 those	 taxa.	 No	 significant	
relationships	 between	∆MAT	 and	 the	 pairwise	 synchrony	 of	MFDs	
among	co‐occurring	taxa	were	detected	among	the	remaining	percen-
tile	classes	(p	>	0.11	in	all	cases;	Figure	6c–f).
3.3 | Mean flowering date accumulation rate versus 
climatic conditions in the absence of intraspecific 
phenological variation
In	 the	absence	of	 intraspecific	 variation	 in	MFD	among	LCRs,	 sig-
nificant	 relationships	were	 still	 observed	 between	 the	 percentage	
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4.1 | Rate of MFD accumulation versus temperature
Among	the	second	and	third	percentile	classes,	 the	MFD	accumu-





class	 declines	 with	 higher	 MAT,	 indicating	 that	 the	 synchrony	 of	
MFDs	 among	 late‐flowering	 taxa	 is	 likely	 to	 decrease	 in	 warmer	
environments.
4.2 | Seasonal patterns of MFD accumulation
Collectively,	our	 results	 indicate	 that	among	 the	earliest‐flowering	
taxa	 (i.e.,	 the	 first	 percentile	 class),	 the	 rate	 at	which	 sequentially	
flowering	species	come	into	flower	is	low.	This	is	followed	by	a	short	
period	during	which	a	large	proportion	of	local	taxa	begin	to	flower	
in	 rapid	 succession	 (representing	 the	 second	 and	 third	 percentile	
classes).	 The	 rate	 of	 MFD	 accumulation	 then	 remains	 relatively	
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The	 magnitude	 of	 positive	 deviations	 from	 a	 constant	 rate	 of	
MFD	accumulation	also	increases	sharply	with	MAT	among	the	sec-
ond	and	third	percentile	classes.	Such	an	increase	in	the	rate	of	MFD	




4.3 | Disentangling the effects of intraspecific 
variation versus floristic composition on rates of MFD 
accumulation
We	detected	significant	relationships	between	MAT	and	the	MFD	
accumulation	 rate	 that	 could	 be	 attributed	 solely	 to	 intraspe-
cific	 phenological	 responses	 to	 local	 climate.	 However,	 we	 also	
detected	 significant	 relationships	 between	 MAT	 and	 the	 MFD	
accumulation	rate	after	eliminating	intraspecific	phenological	var-
iation;	 these	 relationships	 can	 therefore	 be	 attributed	 to	 differ-
ences	in	the	composition	of	floras	experiencing	high	or	low	MAT.	
These	 results	 support	 the	 interpretation	 that,	 as	with	 the	mean	
flowering	 times	of	 regional	 floras	 (Park,	2014),	 two	 independent	
mechanisms	 contribute	 to	 the	 observed	 relationship	 between	
MAT	 and	 the	 MFD	 accumulation	 rate:	 intraspecific	 changes	 in	
phenology	 in	response	to	differing	 local	 temperature	 (Bradshaw,	
1965;	Olsson	&	Ågren,	2002;	Vitasse,	Delzon,	Bresson,	Michalet,	
&	Kremer,	 2009);	 and	 spatial	 variation	 in	 the	 taxonomic	 compo-
sition	of	 local	 floras	 (i.e.,	 species	 turnover;	Craine,	Wolkovich,	&	
Towne,	2012;	Park,	2014).	Furthermore,	 it	appears	that	although	
spatial	changes	 in	the	composition	of	 local	floras	were	sufficient	












MFD	accumulation	 among	 local	 floras	 that	differ	 in	MAT	and	 to	
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differences	in	the	timing	of	mean	flowering.	Unlike	the	effects	of	
differences	in	the	composition	of	local	floras	on	the	rate	of	MFD	
accumulation,	 however,	 intraspecific	 phenological	 responses	 to	
differences	 in	MAT	among	 local	 floras	were	 found	 to	contribute	





contribute	 equally	 to	 the	 observed	 relationships	 between	 MAT	
and	MFD	accumulation	throughout	the	flowering	season.
4.4 | Implications for rates of MFD accumulation 
under future warming
Multiple	previous	 studies	have	 indicated	 that	many	spring‐flow-
ering	 species	 have	 advanced	 their	 flowering	 times	 in	 response	
to	recent	warming	(Bertin,	2015;	Cook	et	al.,	2012;	Mazer	et	al.,	
2013;	 Szabó	 et	 al.,	 2016;	Wolkovich	 et	 al.,	 2012).	 It	 is	 also	well	




&	 Mazer,	 2017;	 Marchin,	 Salk,	 Hoffmann,	 &	 Dunn,	 2015).	 The	
present	 study	 demonstrates	 that	 these	 diverse	 species‐specific	
phenological	 responses	 collectively	 contribute	 to	 a	 systematic	
shift	 in	 the	 rate	 of	MFD	 accumulation	 during	 the	 early	 portion	
of	the	flowering	season	(i.e.,	the	first	and	second	cohorts)	among	
local	 floras	 distributed	 across	 a	 spatial	 temperature	 gradient.	
Furthermore,	 this	 pattern	 emerges	 only	 early	 in	 the	 flowering	





be	used	 to	 forecast	 the	 effects	 of	 projected	warming	on	 future	
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rates	of	floral	accumulation.	Unlike	the	taxonomic	composition	of	
an	LCR,	which	 is	unlikely	 to	change	 rapidly	 in	 the	 face	of	 short‐
term	climate	variation,	individual	plants	may	change	the	timing	of	
their	 flowering	 in	 response	 to	 inter‐annual	 changes	 in	 tempera-
ture	 (Bradley,	 Leopold,	 Ross,	 &	 Huffaker,	 1999;	 Miller‐Rushing,	
Primack,	Primack,	&	Mukunda,	2006;	Walker,	Ingersoll,	&	Webber,	
1995).	Thus,	the	magnitude	and	direction	of	intraspecific	pheno-
logical	 shifts	 that	 occur	 in	 response	 to	 inter‐annual	 variation	 in	
MAT,	and	their	corresponding	effects	on	the	MFD	accumulation	
rate	within	a	local	flora,	can	be	expected	to	parallel	that	of	intra-
specific	 phenological	 shifts	 that	 accompany	 spatial	 temperature	
gradients.





intraspecific	 phenological	 shifts	were	 not	 sufficient	 to	 generate	
significant	 increases	 or	 reductions	 in	 synchrony	 among	 species	
flowering	in	the	third	to	sixth	cohorts,	we	also	predict	that	short‐
term	 increases	 in	 local	MAT	will	produce	minimal	effects	on	the	
synchrony	of	MFDs	among	summer‐	and	autumn‐flowering	taxa.	
Thus,	 these	 results	 indicate	 that	 in	 the	 temperate	 zone,	 future	
warming	 will	 be	 likely	 to	 produce	 systematic	 changes	 in	 rates	




ficient	 sampling	was	 largely	 unavailable,	 might	 exhibit	 different	
trends.
4.5 | Ecological implications
The	ecological	 ramifications	of	 this	projected	change	 in	 the	rate	of	
floral	accumulation	among	early‐flowering	taxa	under	a	warming	cli-
mate	might	be	substantial.	In	temperate	climates,	early	to	mid‐spring	




























they	 share	 pollinators	 with	 co‐occurring	 taxa	 (with	 wind‐pollinated	





Although	 specific	 predictions	 of	 the	 ecological	 impacts	 of	 cli-
mate	warming	on	any	particular	plant	or	 animal	 taxon	are	beyond	
the	 scope	 of	 this	 paper,	 this	 study	 does	 indicate	 that	 systematic	
differences	in	the	sequential	structure	of	the	annual	bloom	display	
do	exist	among	floras	that	inhabit	regions	characterized	by	differing	







The	present	 study	 reinforces	 the	power	of	herbarium	 records	 for	
the	detection	of	community‐level	responses	to	climatic	conditions,	
distinct	from	species‐	and	population‐level	metrics,	such	as	MFD.	
As	 a	 result,	 herbarium	 records	have	 the	potential	 to	 characterize	
emergent	 properties	 of	 community,	 ecosystem	 or	 regional	 phe-
nology,	 to	 link	these	properties	to	spatial	variation	 in	climate	and	
to	predict	responses	of	these	attributes	to	future	climate	change.	
Given	that	intraspecific	phenological	variation	appears	to	contrib-
ute	 to	 the	observed	changes	 in	 synchrony	of	MFDs	along	a	 tem-
perature	 gradient	 among	 the	 first	 and	 second	 cohorts,	 it	 is	 likely	
that	 future	 climate	 warming	 will	 produce	 significant	 changes	 in	
the	number	of	synchronously	flowering	taxa	during	the	first	third	
of	 the	 growing	 season.	 Although	 additional	 research	 is	 needed	
to	determine	how	 the	 synchrony	of	 flowering,	which	 is	 an	 emer-
gent	property	of	plant	communities	and	of	regional	floras,	affects	
interspecific	interactions	that	influence	fruit	and	seed	production,	
the	 present	 study	 highlights	 the	 utility	 of	 herbarium	 records	 not	
only	to	estimate	species‐level	changes	in	the	dates	of	peak	flower-
ing	 or	 flowering	 onset	 (Davis	 et	 al.,	 2015;	 Diskin,	 Proctor,	 Jebb,	
Sparks,	&	Donnelly,	2012;	Gallagher,	Hughes,	&	Leishman,	2009),	
but	also	to	detect	collective,	community‐level	responses	to	climatic	









herbarium,	 the	 Harvard	 University	 herbarium,	 the	 Albion	 Hodgdon	
herbarium	 at	 the	 University	 of	 New	 Hampshire,	 the	 Academy	 of	
Natural	 Sciences	 of	Drexel	University,	 the	 Jepson	 herbarium	 at	 the	
University	of	California‐Berkeley,	the	University	of	California‐Berkeley	
Sagehen	 Creek	 Field	 Station	 herbarium,	 the	 California	 Polytechnic	
State	University	herbarium,	 the	University	of	Santa	Cruz	herbarium,	
the	 Black	 Hills	 State	 University	 herbarium,	 the	 Luther	 College	 her-
barium,	 the	 Minot	 State	 University	 herbarium,	 the	 Tarleton	 State	
University	 herbarium,	 the	 South	 Dakota	 State	 University	 herbar-
ium,	 the	 Pittsburg	 State	 University	 herbarium,	 the	 Montana	 State	
University‐Billings	 herbarium,	 the	 Sul	 Ross	 University	 herbarium,	
the	Fort	Hays	State	University	herbarium,	 the	Utah	State	University	
herbarium,	 the	 Brigham	 Young	 University	 herbarium,	 the	 Eastern	
Nevada	 Landscape	 Coalition	 herbarium,	 the	 University	 of	 Nevada	
herbarium,	the	Natural	History	Museum	of	Utah,	the	Western	Illinois	
University	 herbarium,	 the	 Eastern	 Illinois	 University	 herbarium,	 the	








Research	 Center,	 the	 University	 of	 South	 Carolina	 herbarium,	 the	
Auburn	University	Museum	of	Natural	History,	the	Clemson	University	
herbarium,	the	Eastern	Kentucky	University	herbarium,	the	College	of	
William	 and	Mary	 herbarium,	 the	Appalachian	 State	University	 her-
barium,	 the	 University	 of	 North	 Carolina	 herbarium,	 the	 University	
of	 Memphis	 herbarium,	 the	Mississippi	 State	 University	 herbarium,	
the	University	 of	Mississippi	 herbarium,	 the	University	 of	 Southern	
Mississippi	 herbarium,	 the	 Mississippi	 Museum	 of	 Natural	 Science,	
the	 Marshall	 University	 herbarium,	 the	 Longwood	 University	 her-
barium,	the	herbarium	of	Western	Carolina	University,	the	Northern	
Kentucky	 University	 herbarium,	 the	 Salem	 College	 herbarium,	 the	
Troy	 University	 herbarium,	 the	 Arizona	 State	 University	 herbarium,	
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the	 University	 of	 Arizona	 herbarium,	 the	 Desert	 Botanical	 Garden,	






the	 Consortium	 of	 California	 Herbaria	 (ucjeps.berkeley.edu/consor-
tium/),	 SEINet	 (http://swbiodiversity.org/seinet/),	 the	 SERNEC	Data	
Portal	 (www.sernecportal.org),	 the	Consortium	of	Midwest	Herbaria	
(http://midwestherbaria.org/),	the	Intermountain	Regional	Herbarium	
Network,	 (http://intermountainbiota.org),	 the	 North	 American	
Network	 of	 Small	 Herbaria	 (http://nansh.org/),	 the	 Northern	 Great	
Plains	Regional	Herbarium	Network	 (http://ngpherbaria.org)	 and	 the	
Consortium	of	Pacific	Northwest	Herbaria	 (http://pnwherbaria.org/),	
which	were	accessed	on	14	March	2017.
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